A body of evidence suggests activation of metabotropic glutamate 2/3 (mGlu 2/3 ) receptors would be an effective analgesic in chronic pain conditions. Thus, the analgesic properties of a novel mGlu 2/3 receptor agonist prodrug were investigated.
Introduction
The naturally occurring amino acid glutamate is the preeminent excitatory neurotransmitter in the mammalian CNS, mediating fast synaptic responses through activation of ligand-gated ion channels, ionotropic glutamate receptors (Traynelis et al., 2010) , and influencing the production of second messengers through the activation of GPCRs, that is, metabotropic glutamate (mGlu) receptors. The mGlu receptors have been historically segregated into three groups based on sequence homology, agonist pharmacology and signal transduction mechanisms (Conn and Pin, 1997; Schoepp et al., 1999; Pin and Archer, 2002) . Group I mGlu receptors consist of two members, mGlu 1 and mGlu 5 . These show predominant dendritic localization, are coupled to G αq and function to enhance in enhanced post-synaptic signalling and plasticity. In contrast, group II (mGlu 2 and mGlu 3 ) and group III (mGlu 4 , mGlu 6 , mGlu 7 and mGlu 8 ) receptors are primarily localized on axon terminals and are coupled to G αi . Activation of group II or III mGlu receptors leads to G α subunitmediated inhibition of adenylate cyclase and diminished synthesis of cAMP, suppressing cAMP-dependent kinase activity, and G β/γ subunit-mediated inhibition of voltagedependent Ca 2+ channels and vesicular release machinery.
MGlu 2/3 receptors are prominently distributed in cortical and limbic brain structures and are associated with presynaptic, post-synaptic and glial elements (Neki et al., 1996 , Petralia et al., 1996 , Richards et al., 2005 , Gu et al., 2008 , Wright et al., 2013 . Agonist activation of the mGlu 2/3 receptors in animal models of anxiety and psychosis results in suppression of excessive glutamate transmission and behavioural efficacy (Monn et al., 1997; Helton et al., 1998; Moghaddam and Adams, 1998; Cartmell et al., 1999; Kłodzińska et al., 1999; Nakazato et al., 2000; Cartmell et al., 2000a; Schoepp et al., 2003; Takamori et al., 2003; Swanson et al., 2005; Rorick-Kehn et al., 2007; Fabricius et al., 2011; Jones et al., 2011; Ago et al., 2012) . In addition, abundant evidence (Nicoletti et al., 2011; Chiechio and Nicoletti, 2012) implicates mGlu 2/3 receptor involvement in the modulation of glutamate transmission in both the ascending pain pathway (from peripheral nociceptors through the spinal cord ascending through midbrain nuclei to the cortex) and descending pain modulatory pathway (from the cortex to the primary nociceptor synapse in the dorsal horn of the spinal cord). For instance, mGlu 2 and/or mGlu 3 receptors are localized in brain regions involved in the central response to pain, including the rostal ventral medulla, periaquiductal grey, thalamus and cortex (Varney and Gereau, 2002) , as well in structures involved in emotional processing such as the amygdala (Gu et al., 2008) . The mGlu 2 receptors are also expressed by the dorsal root ganglia (DRG) peripheral nociceptive nerves and co-localize with transient receptor potential cation channel subfamily V member 1 (TRPV1), residing on axonal projections into the dorsal horn of the spinal cord at the primary pain transmission synapse (Carlton et al., 2009) . Thus, activation of mGlu 2 receptors would be expected to limit pain sensation by decreasing action potential-driven release of glutamate and neuropeptides. This has been confirmed as mGlu 2/3 receptor agonists infused onto the spinal cord of primates block TRPV1 agonist (capsaicin)-induced increase in firing of mechano-sensitive wide dynamic range (WDR) neurons (Neugebauer et al., 2000) . Most recently, expression of mGlu 2 was confirmed in neonatal and adult human DRGs, and mGlu 2/3 receptor agonistinduced reversal of membrane hyperexcitability in mouse and human cultured DRG sensory neurons exposed to the inflammatory mediator PGE 2 was demonstrated (Davidson et al., 2016) . In addition, mGlu 3 receptors are highly expressed on glial cells in the human the dorsal horn (Ohishi et al., 1993) . These spinal mGlu 3 receptors have increased expression with the induction of chronic pain, such as chronic constriction injury of the sciatic nerve, inflammation with ultraviolet radiation of the skin and with induction on bone cancer pain. This response is blocked by agents that inhibit glial activation (Boxall et al., 1998; Osikowicz et al., 2009) or with repeated intrathecal administration of an mGlu 2/3 receptor agonist (Ren et al., 2012) , suggesting mGlu 3 may be a compensatory mechanism in chronic pain conditions and plays a critical role in limiting glial activation.
In support of the hypothesis that activation of mGlu 2/3 receptors will provide analgesic efficacy, epigenetic upregulation of mGlu 2 receptors in the spinal cord and cerebral cortex of rats after L-acetylcarnitine administration induced mGlu 2/3 receptor antagonist-sensitive antinociception (Chiechio et al., 2002) , as did reversal of the glutamatecystine antiporter with N-acetylcysteine (Bernabucci et al., 2012; Truini et al., 2015) . Accordingly, direct activation of mGlu 2/3 receptors with synthetic agonists has been shown to be efficacious in rodent models of inflammatory and neuropathic pain (Neugebauer et al., 2000; Simmons et al., 2002; Varney and Gereau, 2002; Jones et al., 2005; Du et al., 2008; Kumar et al., 2010 (Monn et al., 2015) . In that account, we provided preliminary evidence that when administered i.p., LY2934747 exhibited efficacy in rodent models of psychosis and formalin-induced nocifensive behaviours. Herein, we provide evidence for the broad-spectrum efficacy of both LY2934747 and its oral prodrug, (1R,2S,4R,5R,6R)-4-((4H-1,2,4-triazol-3-yl)thio)-2-((S)-2-aminopropanamido)bicyclo [3.1.0] hexane-2,6-dicarboxylic acid (LY2969822), in rodents.
Methods

Animals
Male Sprague Dawley rats from Harlan Industries (Indianapolis, IN), weighing between 200 and 250 g upon arrival, were acclimatized in a controlled temperature and lighting (12 h light cycle; 0600 to 1600 h) environment for at least 7 days prior to any procedure or testing. C57BL6/J, male mice from Jackson Laboratory (25 to 30 g), were similarly allowed to acclimatize for at least 7 days before being placed in the study. (Curtis et al., 2015) .
Pharmacokinetics of the active LY2934747 following p.o. dosing of the prodrug LY2969822 the plasma was immediately collected following centrifugation of the blood samples. The CSF was collected via a syringe from the cisterna magna. Plasma and CSF were stored at À70°C until analysed as described in Monn et al. (2015) . All values were above the lower detection limit (<5 nM) for the bioanalytical assay utilized.
Rat formalin model
The method used for these studies is a modification of that used by Jett and Michelson (1996) . Thirty minutes before the formalin injection, rats were placed into individual test chambers of an automated system for measuring force of movement (SR-Lab Startle Response System, San Diego Instruments, San Diego, CA). After the 30 min acclimatization period, rats were removed from the test chamber and injected with 50 μL of 5% formalin solution (in 0.9% saline) into the plantar surface of the right hind paw using a 0.5 inch, 27 gauge needle, and then placed back in the test chamber. The test chambers were positioned on a detection system that monitors the force of movement continuously for 50 min in 1 s bins. The dependent factor (number of events) was defined as the number of 1 s bins with a change in dynamic force that exceeded an empirically determined threshold value (a value of arbitrary load units, which corresponds visually with rats quietly breathing or sniffing). The formalininduced movements detected by the system included licking and flinching of the affected paw as well as hopping and turning. The number of events was collected and summarized according to the typical biphasic response pattern (Early and Late Phases) in 5 min intervals. Binned data were summed and analysed using one-way ANOVA for the early phase (first 5 min) and late phase (minute 11 through 40) time points. Post hoc analysis of treatment groups compared with the vehicle group was performed with Dunnett's test using Graphpad Prism(La Jolla, CA) with P < 0.05 considered as significantly different versus vehicle treated rats. Data are expressed as means ± SEM.
Evoked pain responses
For evaluation of mechanical hyperalgesia via the Randall-Selitto paw pressure test, rats were acclimatized in the testing room for at least 1 h. Baseline naïve scores were taken by placing the hind paw in between the pusher and plinth of the apparatus (Ugo Basile Analgesiometer), which, when activated, delivers a ramping weight increase up to a maximum of 250 g over approximately 10 s. The force in g when paw withdrawal occurred was scored with a maximum cut-off of 250 g. The score for each treatment group at each time point was compared using Graphpad Prism (La Jolla, CA) (two-way ANOVA followed by post hoc Dunnett's test) with P < 0.05 considered as significantly different versus vehicle treated rats. Tactile hypersensitivity behaviour was evaluated by measuring the sensitivity of the injured paw to von Frey filaments with incremental bending forces (0.2 to 15 g) as described by Chaplan et al. (1994) . The scoring pattern was calculated using the Dixon method (Dixon, 1980) . The data for each treatment group at each time point were compared using Graphpad Prism (La Jolla, CA) (two-way ANOVA followed by post hoc Dunnett's test) with P < 0.05 considered as significantly different versus vehicle treated rats.
The degree of thermal hyperalgesia was assessed by use of a focused infrared beam (Hargreaves et al. 1988) . Data are expressed as mean 50% paw withdrawal threshold in g (tactile endpoint) or mean paw withdrawal latency in s (thermal endpoint). The data for each treatment group at each time point was compared using Graphpad Prism (La Jolla, CA) (two-way ANOVA followed by post hoc Dunnett's test) with P < 0.05 considered as significantly different versus vehicle treated rats.
Spinal nerve ligation methods
Male Sprague-Dawley rats underwent unilateral tight ligation of the L5 and L6 spinal nerves as previously described by Kim and Chung (1992) . Nerve injury was produced by tightly ligating the left L5 and L6 spinal nerves under gaseous anaesthesia with a mixture of isoflurane (3% for induction and 2% for maintenance) and oxygen. After surgery, rats were returned to their home cages and monitored post-operatively. The development of tactile hypersensitivity occurred over the subsequent 2 weeks, aided by repetitive mechanical stimulation of the affected hind paw. Baseline values were required to be ≤2.0 g force for the animal to be included in the study.
Capsaicin sensitization
For assessment of either tactile hypersensitivity or thermal hyperalgesia, groups of rats were tested in the naïve state for baseline threshold responses prior to compound dosing. Rats were then pretreated with vehicle or drug as indicated prior to dosing with capsaicin. Capsaicin (1.2%, 18 μg in 15 μL olive oil) was injected unilaterally into the hind paw (s.c. into the mid-plantar region from the toe towards the heel) using a Hamilton gas-tight glass syringe and 27 gauge (0.5 in) needle. The degree of tactile hypersensitivity was assessed at 15, 30 and 60 min post-capsaicin. Similarly, the degree of thermal hyperalgesia was assessed at 0.5, 1 and 2 h post-capsaicin in a separate experiment.
Complete Freund's adjuvant (CFA) sensitization
A modified version of the CFA model described by Stein et al. (1988) was utilized. Following baseline mechanical hypersensitivity measures, CFA (50 μL neat, Sigma F5881-10ML) was injected via the intraplantar route into the right hind paw under light isoflurane anaesthesia. The next day (24 h post-CFA injection), rats were acclimatized in their home cage placed inside the test room for approximately 1 h prior to testing. The post-CFA baseline hyperalgesia was scored followed by animal randomization and dosing with either vehicle or drug. Paw pressure was scored at 1 and 2 h following compound dosing.
Plantar incision post-surgical sensitization
The methods of Brennan (Brennan et al., 1996) with modifications described by Whiteside et al. (2004) were utilized. Rats were anaesthetised, and an incision was made on the left hind paw pad 1 cm in length and penetrating the skin, fascia and muscle layers that was then briefly stretched/retracted with forceps. The resulting wound was then closed with two 5.0 vicryl sutures, and the animals allowed to recover for 24 h. Tactile hypersensitivity was assessed, animals randomized and dosed with vehicle or drug.
Colorectal distension (CRD) model
The methods of Ness and Gebhart (1988) were utilized with modifications. Specifically, rats were anaesthetised and surgically implanted with a pair of EMG electrodes in the external oblique abdominal muscle and were exteriorized at the nape of the neck to allow connection to the barostat inflation and EMG contraction recording unit. Following surgery, rats were allowed to recover for 1 week prior to testing. After the recovery period, a 6.0-cm-long balloon constructed from a latex glove finger was inserted transanally into an awake rat followed by baseline measurement using a 60 mmHg pressure to confirm that the electrodes/EMG recording was functioning properly. Following this step, rats were randomized to treatment groups. Rats were then dosed with vehicle or drug and monitored for visceromotor/EMG responses to CRD at increasing graded pressures of 20, 40 and 60 mmHg starting at 90 min following dosing. At each pressure, rats were tested three times for a duration of 20 s per inflation followed by a 3 min recovery period after each inflation.
For the acetic acid sensitized version of the CRD model, groups of rats, following EMG electrode implantation surgery and recovery period, were tested for the EMG responses at 60 mmHg pressure to establish baseline responses. Following this pretest, rats received an intracolonic instillation of 1% acetic acid (2 mL) to sensitize the colon. Approximately 24 h later, baseline measurements at 60 mmHg were conducted to ensure sensitization, followed by randomization to treatment groups. Vehicle or drug was administered and monitored for visceromotor/EMG responses to CRD at increasing graded pressures of 20, 40 and 60 mmHg starting at 90 min following dosing. Data were recorded as mean AUC for the visceromotor response (mV s) ± SEM. Statistical analysis was performed using JMP Statistical Software (one-way ANOVA followed by post hoc Dunnett's test) with P < 0.05 considered as significantly different versus vehicle treated rats.
Acetic acid writhing
Four hours prior to injection with acetic acid, mice were administered vehicle or drug. Thirty minutes before acetic acid injection, mice were placed into Plexiglas observation chambers to acclimatize. Following the acclimatization period, the mice received an i.p. injection of 0.5% acetic acid (10 mL·kg À1 ), after which the mice were observed for writhing/stretching behaviour. A writhe is defined as a stretching of the hind limbs and lifting of the tail followed by the front limbs and head arching upwards and then a return to normal posture. The number of times this behaviour occurred over a period of 20 min was counted and recorded by a blinded observer. Data were recorded as mean number of writhes ± SEM. Statistical analysis was performed using JMP software (one-way ANOVA followed by post hoc Dunnett's test) with P < 0.05 considered as significantly different versus vehicle treated mice.
Spontaneous and evoked wide dynamic range neuron firing in spinal nerve-ligated rats Surgery. Adult male Sprague-Dawley rats, weighing 220 to 250 g at the time of surgery, were used. They were housed in groups of four in an air-conditioned room on a 12 h light/dark cycle. Food and water were available ad libitum. All procedures in this study were undertaken in compliance with the UK Animals (Scientific Procedures) Act 1986. Rats were prepared as described by Kim and Chung (1992) . Each rat was anaesthetized, and the L5 spinal nerve was carefully isolated and tightly ligated with 6/0 silk suture. The baseline tactile hypersensitivity was examined for three consecutive days before surgery and reassessed on the 7th and 12th through to the 14th day after surgery. Only those rats with significant allodynia (paw withdrawal threshold ≤4 g) were selected for electrophysiological experiments.
Electrophysiological recording. The isolation and recording of lumbar spinal cord dorsal horn WDR neurons utilized the methods of Arendt-Nielsen and Petersen-Felix (1995) with modifications. The spinal nerve-ligated rats were anaesthetized initially with urethane (1.2 to 1.6 g·kg À1 , i.p.)
and maintained non-reflexive throughout the experiment by supplemental doses of urethane (0.4 g·kg À1 , i.v.) as required. The arterial blood pressure and heart rate (through an ECG lead II) were routinely monitored, and rectal temperature was continuously monitored and maintained within a normal physiological range using a thermo-blanket system. The left external jugular vein was cannulated for drug administration. A laminectomy spanning the L2 to L6 vertebral segments was conducted, and the dura mater over the exposed spinal cord was removed. An oil pool was formed with warm mineral oil to cover the exposed tissue. For electrophysiological recording, carbon-fibre microelectrodes (impedance, 0.4 to 0.8 MΩ at 1 KHz) were lowered into the dorsal horn of the spinal cord using a manual hydraulic manipulator. The neurons were recorded from lamina IV or V at about 500 to 900 μm from the surface of the L4 and L5 segments of the spinal cord. The proprioceptive neurons innervating muscle spindles, joint receptors were excluded based upon their firing pattern and responses to joint movement. The neural activity was amplified and monitored using standard electrophysiological recording techniques and recorded on to a PC using CED Spike 5 software (Cambridge Electronics Design, CED).
A defined protocol of mechanical stimulation was used to identify WDR neurons after mapping the peripheral receptive field in the hind paw. A single unit was identified as a WDR neuron if (1) the unit responded to gentle brushing of the hind paw for 10 s; (2) a graduated response to von Frey hair stimulation (4.17/1.15 g, 4.56/4 g, 5.18/15.6 g; 1 s on and 1 s off, repeated 10 times with the interval between two von Frey Hair applications of 10 s) of the RF was observed; and (3) a 10 s squeeze-stimulus using a standard artery clip evoked discharge of the neuron.
After a WDR neuron was identified, a pair of fine-needle electrodes was inserted into the receptive field to deliver electrical stimulation. Thresholds for evoking C-fibremediated responses were determined by delivering 1 ms duration single electrical pulses of increasing stimulus strength. Once the threshold was determined, a train of electrical pulses (16 pulses in 5 s, 1 ms duration) at an intensity of two times threshold was delivered once every 10 min. The neural activity (spontaneous firing and evoked responses) was recorded for at least 20 min before vehicle or compound administration, and then for 60 min after thevehicle or compound was injected.
The average spontaneous firing frequency over consecutive 4.5 min periods (expressed as numbers of action potentials min -1 ) immediately before electrical stimulation was measured prior to and after vehicle or compound injection. Wind-up discharge of spinal dorsal horn neurons was calculated as the total number of evoked action potentials of a neuron in response to all 16 electrical pulses minus 16 times the action potentials induced by the first electrical pulse in that train. The number of action potentials within 300 ms after first electrical stimulation pulse (A) was counted, then the total number of action potentials induced by the whole train of electrical pulses (16 pulses) (B) was counted. The number of wind-up action potentials was calculated as follows: Wind-up action potential number = B À (A × 16). The wind-up action potential number immediately before compound administration (0 min) and every 10 min after compound injection was counted. In some cases, wind-up discharge was completely inhibited after compound administration; the number of wind-up action potentials (B) was even lower than control levels (A × 16), leading to a negative reading. In such cases, the wind-up was set to 0 (completely inhibited) for statistical analysis.
The total number of action potentials recorded within 10 s starting from 300 ms after the last electrical pulse of the train (i.e. the 16th electrical stimulus) was used as an indicator of the extent of after-discharge for that neuron.
All data are expressed as mean ± SEM. Comparisons within animal between baseline measurements (Time 0 min) and subsequent readings after treatment utilized a repeated measures, one-way ANOVA followed by a Dunnett's test (Graphpad Prism, La Jolla, Ca) with P < 0.05 considered as significantly different versus baseline response.
Results
Confirmation of prodrug hydrolysis in vivo to form active mGlu 2/3 receptor agonist
The resulting plasma and CSF levels of the active mGlu 2/3 agonist formed ( Figure 1A , LY2934747) following a single dose of 1-10 mg·kg À1 (dose given in active equivalent units) of the prodrug LY2969822 p.o. are presented in Figure 1B . As seen in Figure 1B , doses of 1-10 mg·kg À1 of the prodrug LY2969822 resulted in CSF levels of the active LY2934747 that exceed, for at least 4 h, the potency (EC 50 = 14.2 nM) of the mGlu 2/3 receptor agonist to stimulate the rat mGlu 2/3 receptors in cortical synaptosomes in vitro (Monn et al., 2015).
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Inhibition of formalin-induced nocifensive behaviours in rats
As seen previously after i.p. dosing with the active molecule LY2934747 (Monn et al., 2015) , p.o. administration of the prodrug LY2969822, 1 to 10 mg·kg À1 (expressed as LY2934747 equivalent doses), resulted in a significant dosedependent decrease in the formalin-induced nocifensive behaviour as measured in the rat automated formalin test (Figure 2A ). The absolute ED 50 value for dose-response curve of % inhibition of LY2969822 dihydrate was 3.2 mg·kg À1 . To confirm the specificity of the effect, the ability of the mGlu 2/3 receptor antagonist to block the response was tested. As seen in Figure 2B , the decrease in the formalin-induced nocifensive behaviour seen with a 3 mg·kg À1 i.p. dose of LY2934747 was blocked by a 10 min pretreatment of either 1 or 3 mg·kg À1 doses of an mGlu 2/3 receptor antagonist, LY341495. No effect was observed with dosing the antagonist LY341495 alone. In order to test whether the effect on formalin induced nocifensive behaviours would persist with repeated administration, a subchronic dosing regimen of once 2 h prior to formalin injection into the hind paw of the rat. Nocifensive responses were monitored and quantified in 5 min bins for 50 min. Values are mean ± SEM, n = 7-8 per group. *Indicates significantly different versus vehicle response at the corresponding time point (P < 0.05, two-way ANOVA followed by Dunnett's test). (B) LY341495 or vehicle was administered at 1 or 3 mg·kg À1 via the s.c. route 70 min prior to formalin injection into the hind paw, while LY2934747 or vehicle was administered at 3 mg·kg À1 via the i.p. route 60 min prior to formalin injection. (C) LY2969822 was dosed p.o. at 1 to 10 mg·kg À1 (active equivalent) with a single treatment (acute) or daily treatments for 3 days (subchronic), and 2 h after the last dose formalin was injected into the hind paw of the rat. Binned data were summed for early phase (first 5 min) and late phase (minutes 11 through 40) time points. Values are mean ± SEM, n = 7-8 per group. *Indicates significantly different versus vehicle response (P < 0.05, one-way ANOVA followed by Dunnett's test).
Efficacy with LY2969822, an mGlu2/3 prodrug, in pain models BJP British Journal of Pharmacology (2017) 174 822-835 827 a day p.o. dosing of the prodrug LY2969822 (1-10 mg·kg À1 ) for 3 days was examined and compared with a single acute dose. Formalin was injected into the hind paw 2 h after the single or last dose as indicated in Figure 2C . The repeated (3 days) p.o. administration of LY2969822 resulted in a significant decrease in the formalin-induced nocifensive behaviour, which was similar to the effect seen with an acute single dose when measured in the same study in the rat automated formalin test.
Inhibition of spontaneous and evoked spinal wide dynamic range neuronal activity in spinal nerve-ligated neuropathic rats
Following an i.v. dose of vehicle in rats that had undergone spinal nerve ligation (SNL) and developed mechanical allodynia, neither the observed spontaneous activity ( Figure 3B ) nor the increase neuronal firing with repeated stimulation (wind-up, Figure 3C ) was changed for the duration of monitoring in the animals. In contrast, 3 mg·kg 
Inhibition of nociceptive sensitization induced with capsaicin in rats
In order to determine if pretreatment with the mGlu 2/3 receptor prodrug LY2969822 would alter the capsaicininduced sensitization, LY2969822 (1-10 mg·kg À1 ) was p.o.
dosed 2 h prior to a unilateral capsaicin injection into the hind paw. Tactile allodynia was measured from 15 to 60 min later, or thermal hyperalgesia assessed at 0.5 to 2 h. LY2969822 dose-dependently decreased tactile allodynia at all time points assessed ( Figure 4A ). The degree of efficacy was similar to that seen with a 100 mg·kg À1 dose of gabapentin. In contrast, the ability of LY2969822 to block capsaicin-induced thermal hyperalgesia was less clear. A significant increase in latency was seen with a dose of 3 mg·kg
À1
LY2969822 dihydrate at the 1 h post-capsaicin, but significant effects were not evident at any time point assessed with the higher dose of LY2969822 dihydrate (10 mg·kg À1 active equivalent). It is worth noting that the experimenter observed that animals receiving the highest dose of LY2969822 dihydrate displayed an increased startle response to sound that is often observed in rodents following treatment with mGlu 2/3 receptor agonist compounds. This increased startle activity may have interfered with making accurate measurements of thermal hyperalgesia in these animals. Thus, the results are inconclusive regarding the ability of LY2969822 dihydrate to block capsaicin-induced thermal hyperalgesia as assessed in this study.
Reversal of mechanical hyperalgesia induced with complete Freund's adjuvant (CFA) in rats
Rats were injected in a hind paw with an intraplantar injection of CFA and the resulting mechanical hyperalgesia assessed by measuring withdrawal to a pressure gradient the following day. Rats confirmed to have hyperalgesia were randomized to group and vehicle or 1-10 mg·kg À1 LY2969822 dihydrate dosed p.o. As seen in Figure 5 , a statistically significant reversal of mechanical hyperalgesia was seen with LY2969822 dihydrate in a dose-and time-dependent manner, with reversal seen at 1 and 2 h post-treatment with all doses tested (1, 3 and 10 mg·kg À1 active equivalent). The magnitude of the response was comparable with that seen with an NSAID, 30 mg·kg À1 naproxen.
Reversal of tactile hypersensitivity induced by spinal nerve ligation in rats
At 14 weeks post SNL surgery baseline tactile hypersensitivity was confirmed and rats randomized into treatment groups. The ability of a 10 mg·kg À1 (active drug equivalent) dose of LY2969822 dihydrate to attenuate the surgically induced tactile hypersensitivity was assessed at 1, 2 and 4 h post-dose.
As seen in Figure 6 , LY2969822 reversed the tactile hypersensitivity resulting from a chronic SNL. The response persisted for at least 4 h and was similar at its peak to that seen with gabapentin.
Reversal of tactile hypersensitivity induced by plantar incision in rats
Twenty-four hours after baseline tactile measurements pre surgery and a controlled incision on the left hind paw followed by wound closure, the hypersensitivity of each animal was confirmed and animals randomly assigned to groups. Vehicle, 3-10 mg·kg À1 (active equivalent) of LY2969822 or 3 mg·kg À1 morphine, was administered, and the tactile threshold was determined after 90 min. As seen in Figure 7 , a significant reversal of the incision site tactile hypersensitivity was seen after 10 but not 3 mg·kg À1 LY2969822. It should be noted that the magnitude of the response seen after the highest dose of LY2969822 was less than that seen with 3 mg·kg À1 morphine.
Inhibition of nociceptive response to colorectal distension (CRD) in normal and sensitized rats
In order to confirm the placement of EMG electrodes, the baseline response to a 60 mmHg increase in colon pressure was determined and is shown in Figure 8A in naïve rats and 24 h after sensitization by intracolonic infusion of dilute acetic acid ( Figure 8B ). Note the expected increased response seen in the rats after sensitization illustrated in Figure 8B . Rats were then treated with vehicle, 1 to 11 mg·kg À1 (active equivalent) of LY2969822 or 3 mg·kg À1 morphine and the response to 20, 40 or 60 mmHg recorded. As seen in Figure 8A /B, naïve or sensitized rats treated with LY2969822 demonstrated decreased nociceptive response (abdominal contraction) in a dose-and stimulus-dependent fashion, with the highest dose tested showing similar effects to morphine. Note that Figure 3 Effects of LY2934747 (active form of the mGlu 2/3 receptor prodrug LY2969822) on in vivo spontaneous and evoked electrical activity of WDR neurons in spinal nerve-ligated rats. WDR neurons in the lumbar region of the dorsal horn of the spinal cord that had receptive fields in the hind paw were identified, and the number of spontaneous and stimulus-evoked action potential discharges was determined in rats that had undergone SNL with confirmed tactile allodynia. Efficacy with LY2969822, an mGlu2/3 prodrug, in pain models BJP due to an error in formulation, an 11 mg·kg À1 dose rather than a 10 mg·kg À1 dose was administered to the naïve animals.
Inhibition of acetic acid-induced writhing in mice
Two hours following pretreatment with vehicle, 1-10 mg·kg À1 (active equivalent) of LY2969822 or 3 mg·kg À1 morphine, dilute acetic acid was injected i.p. and the number of writhings recorded for 20 min. As seen in Figure 9 , a significant and dose-dependent decrease in the numbers of writhings was evident with LY2969822 pretreatment. The magnitude of the response at the highest dose of LY2969822 tested was less than that seen with morphine in this pain model.
Discussion
Previously, we reported the discovery and selective mGlu 2/3 receptor agonist pharmacology of LY2934747 along with its rat pharmacokinetics and mGlu 2 -mediated pharmacodynamic actions, including the inhibition of PCP-induced ambulations and formalin-induced nocifensive behaviours following either s.c. or i.p. dosing. However, LY2934747 was found to have a poor oral bioavailability, most likely due to poor absorption (Monn et al., 2015) . Previous work with mGlu 2/3 receptor agonists has demonstrated that in some cases, a prodrug approach can be employed to increase oral absorption. Specifically by coupling the parent amino acid to naturally occurring amino acids such as L-alanine or Values are mean ± SEM, n = 8-10 per group. *Indicates significantly different versus vehicle response at the corresponding time point (P < 0.05, two-way ANOVA followed by post hoc Dunnett's test).
Figure 5
Effect of LY2969822 on the rat CFA model of inflammatory pain. Twenty-four hours after unilateral injection of CFA into the hind paw mechanical hyperalgesia (baseline) was measured as a change in threshold to pinch (Randall Sellito Test). Vehicle or LY2969822 at 1, 3 and 10 mg·kg À1 was dosed p.o. and mechanical hyperalgesia assessed at 1 and 2 h post-dosing. Naproxen, 30 mg·kg À1 , was similarly dose p.o. and assessed at 1 and 2 h. Values are mean ± SEM, n = 9-10 per group. *Indicates significantly different versus vehicle response at the corresponding time point (P < 0.05, two-way ANOVA followed by post hoc Dunnett's test).
Figure 6
Effect of LY2969822 in the rat SNL model of tactile allodynia. Vehicles or 10 mg·kg À1 LY2969822 were dosed p.o. after the confirmation (baseline) of tactile hypersensitivity in rats that had undergone L5/L6 SNL 14 weeks previously. Tactile hypersensitivity was measured as a change in threshold to increasing force from calibrated von Frey monofilaments, determined at 1, 2 and 4 h post-dosing.
Values are mean ± SEM, n = 7 to 8 per group. *Indicates significantly different versus vehicle response at the corresponding time point (P < 0.05, two-way ANOVA followed by post hoc Dunnett's test).
L-methionine, the resulting dipeptide-like molecule can be recognized and actively transported by intestinal peptide transporters (e.g. PepT1) and subsequently undergo metabolic conversion to liberate the active mGlu 2/3 receptor agonist (Bueno et al., 2005) . Thus, the alanine amide prodrug of LY2934747, ( Figure 1A , LY2969822) was synthesized and the resulting systemic and CSF levels of the active drug LY2937474 measured. As seen in Figure 1B , p.o. dosing of the prodrug LY2969822 resulted in rapid and dose-dependent increases in plasma levels of the active mGlu 2/3 receptor agonist LY2934747. CSF levels of the active agent after dosing with the prodrug at 1-10 mg·kg À1 (doses corrected for equivalence to LY2934747) exceeded the potency reported for inhibition of forskolin-stimulated cAMP from rat cortical synaptosomes (EC 50 = 14 nM, Monn et al., 2015) , suggesting this would be an effective range to test for a pharmacodynamic response. Indeed as seen in Figure 2 , treatment p.o. with the prodrug LY2969822 in the 1-10 mg·kg À1 (active equivalents) was able to block the nocifensive behaviours induced by formalin intraplantar injection as previously reported with an i.p. injection of 1-10 mg·kg À1 LY2934747.
The present work demonstrates an impressive breadth and depth of analgesic activity for the mGlu 2/3 receptor agonist (LY2934747) and its corresponding prodrug (LY2969822) in a number of rodent models measuring nocifensive or pain related behaviours. This includes efficacy similar to that seen with positive controls in spontaneous measures such as formalin-induced nocifensive responses and acetic-acidinduced writhing and evoked measures of sensitivity such as tactile allodynia or mechanical hyperalgesia. The ability to block both spontaneous and evoked painful responses is further strengthened by the work examining WDR neuronal responses after i.v. injection of LY2934747. After SNL, an increase in spontaneous activity of WDR neurons within the receptive field of the affected paw is well documented (Chu et al., 2004) . Treatment with the mGlu 2/3 receptor agonist decreased this spontaneous activity. Similarly, treatment with LY2934747 inhibited the increased firing seen with a protocol Figure 7 Effect of LY2969822 on the rat paw incision model of tactile allodynia. After measurement of tactile threshold (baseline), a surgical incision was made in the hind paw of rats. After a 24 h recovery period, confirmation of tactile allodynia was established (<4 g) and rats were randomized to treatment groups (post-incision). At 90 min after administration of vehicle (1% HEC), 3 or 10 mg·kg
À1
(active equivalent) of LY2969822 p.o. or 30 min after administration of 3 mg·kg À1 morphine by the s.c. route, the degree of tactile allodynia was measured. Values are mean ± SEM, n = 7 per group. *Indicates significantly different versus vehicle response at the corresponding time point (P < 0.05, two-way ANOVA followed by post hoc Dunnett's test).
Figure 8
Effect of LY2969822 in the rat CRD model of visceral pain. (A) Subsequent to recovery from EMG electrode abdominal muscle implantation, baseline EMG readings with a 60 mmHg pressure stimulus were taken and animals randomized to treatment groups. Vehicle or LY2969822 1 to 11 mg·kg À1 (active equivalent) was dosed p.o.
90 min prior to beginning the CRD protocol. Note that due to an error in formulation an 11 mg·kg À1 dose rather than a 10 mg·kg À1 dose was administered to the naïve animals. Morphine (3 mg·kg À1 , s.c.
30 min pretreatment) was utilized as a positive control. (B) Twentyfour hours after sensitization of the colon by exposure to 1% acetic acid (2 mL), baseline EMG readings with a 60 mmHg pressure were determined and animals randomized to treatment groups. Vehicle or 10 mg·kg À1 LY2969822 was dosed p.o. 90 min prior to beginning the CRD protocol. Morphine (3 mg·kg À1 , s.c. 30 min pretreatment) was utilized as a positive control. Values are mean ± SEM, n = 6-7 per group. *Indicates significantly different versus vehicle response at the same pressure (P < 0.05, two-way ANOVA followed by Dunnett's test). @ Indicates significantly different versus baseline vehicle response (P < 0.05, one-way ANOVA followed by Dunnett's test).
Efficacy with LY2969822, an mGlu2/3 prodrug, in pain models BJP of electrically stimulation (wind-up). Thus in both observational measures of painful behaviours and in the correlated measures of neuronal firing in spinal cord nociceptive neurons, the mGlu 2/3 receptor agonist blocks spontaneous and evoked responses. It is also worth noting that the mGlu 2/3 receptor agonist prodrug is equally efficacious with both blockade of acute sensitization after intraplantar capsaicin or treatment of more prolonged inflammatory-induced sensitization after CFA. Furthermore, the efficacy is not limited to skin, as LY2969822 was as effective as morphine in blocking the painful responses induced with CRD, that is, it showed effects in a visceral organ. However, LY2969822 was not robustly effective in all pain measurements. For instance, there was neither a clear dose-dependent nor duration of action consistent with exposures, analgesic response seen when testing for the thermal hypersensitivity following capsaicin. It is possible that this may be due to interference with the measurement, as an increase in startle response was observed at the highest dose in these experiments. However, this may also be an indication of varying degrees of analgesic response depending upon the means utilized to induce the painful behaviour and/or the evoked stimulus (i.e. thermal vs. tactile). Although the less robust, but statistically significant, efficacious response to tactile allodynia in the rat paw incision model would argue against differential efficacy based on evoked stimulus as an explanation. The robust effect on tactile allodynia after SNL or capsaicin further suggests it is not simply a differential efficacy based on the sensitization method. The reason for these small but notable differences between models is unknown, but this highlights the importance of profiling potential analgesic agents in several models and considering the weight of evidence prior to advancing a molecule into human clinical trials.
Prolonged activation of GPCRs can result in receptor desensitization and behavioural tolerance, and repeated daily dosing of another mGlu 2/3 receptor agonist, LY379268 , given once daily over 4 to 14 days resulted in the loss of efficacy in both pain (Jones et al., 2005) and psychomotor stimulant (Galici et al., 2005) assays. In the current study, we found that LY2969822 given p.o. once daily over 3 days at doses of 3 and 10 mg·kg À1 exhibited efficacy in the formalin assay that was indistinguishable from efficacy responses when these doses were acutely administered. The question of whether longer-term dosing of LY2969822 might lead to tachyphylaxis in rodents was not explored; however, it bears mentioning that the development of tolerance following chronic exposure to mGlu 2/3 receptor agonists in rodents is not consistently observed (see for instance Cartmell et al., 2000b; Schobel et al., 2013; Anderson et al., 2014; Battaglia et al., 2015) and may be a function of several interacting factors including species/strain, assay, dose, route of administration and specific agonist ligand. Importantly, there is no evidence that loss of efficacy on repeat dosing of mGlu 2/3 receptor agonists in rodents translates to humans. For instance, in spite of evidence that repeated daily dosing of the mGlu 2/3 receptor agonist LY354740 (eglumegad) (Monn et al., 1997) led to tolerance after only 3 days of dosing (Ahnaou et al., 2015) , statistically significant anxiolytic efficacy observed in generalized anxiety disorder patients following 5 weeks dosing of LY354740 (unpublished data) or 8 weeks dosing of LY544344 (Dunayevich et al., 2007) , an oral prodrug of LY354740 (Bueno et al., 2005) was either maintained or enhanced over the course of treatment. Similarly, in schizophrenia patients (Patil et al., 2007) or schizophrenia patient subgroups (Kinon et al., 2015; Nisenbaum et al., 2016) , statistically significant antipsychotic efficacy was maintained or enhanced following up to 6 weeks dosing of LY2140023, an oral prodrug of the mGlu 2/3 receptor agonist LY404039 (Monn et al., 2007) .
In conclusion, oral administration of the prodrug LY2969822 in rodents results in rapid absorption and conversion to the active mGlu 2/3 receptor agonist LY2934747. LY2934747 could suppress the evoked and spontaneous activity on WDR neurons in neuropathic animals, and its efficacy in preventing formalin-induced nocifensive behaviours was mGlu 2/3 receptor dependent. Dosing the mGlu 2/3 receptor agonist prodrug resulted in a broad spectrum of analgesic actions in nociceptive sensitization, neuropathic, inflammatory and visceral pain models. Thus, treatment with this mGlu 2/3 receptor agonist prodrug may demonstrate efficacy in controlled clinical chronic pain trial(s).
Figure 9
Effect of LY2969822 on the mouse acetic acid writhing model of visceral pain. Vehicle or LY2969822, 1 to 10 mg·kg À1 (active equivalent), was dosed p.o. 2 h prior to i.p. injections of 0.5% acetic acid. The number of writhing responses over a 20 min period was recorded. Morphine (3 mg·kg À1 s.c., 1 h pretreatment) was included as a positive control. Values are mean ± SEM, n = 10 per group. *Indicates significantly different versus vehicle response (P < 0.05, one-way ANOVA followed by Dunnett's test).
